ABSTRACT The hypothesis was tested that butyrate presence in the digesta of distinct gastrointestinal tract (GIT) segments of broilers leads to differential effects on digesta retention time, gut morphology, and proteolytic enzymatic activities, ultimately resulting in differences in protein digestibility. A total of 320 male day-old Ross 308 broilers were randomly assigned to 5 dietary treatments: 1) control (no butyrate), 2) unprotected butyrate (main activity in the crop and gastric regions), 3) tributyrin (main activity in the small intestine), 4) fat-coated butyrate (activity in the whole GIT) and 5) unprotected butyrate combined with tributyrin, each replicated 8 times. Rapeseed meal was used in combination with a fine dietary particle size in order to challenge the digestive capacity of young broilers. Birds were dissected at 22, 23, and 24 d of age and samples of digesta at various GIT locations as well as tissues were collected. Butyrate concentration varied significantly across GIT segments depending on treatment, indicating that the dietary contrasts were successful. The apparent ileal digestibility of methionine tended to increase when butyrate and/or propionate was present in colonic and cecal contents, possibly due to modifications of GIT development and digesta transit time. Butyrate presence in the digesta of the crop, proventriculus and gizzard, on the contrary, decreased the apparent ileal digestibility of several amino acids (AA). In addition, butyrate presence beyond the gizzard elicited anorexic effect that might be attributable to changes in intestinal enteroendocrine L-cells secretory activities. The present study demonstrates that, in broilers, effects of butyrate on digestive processes are conditioned by the GIT segment wherein the molecule is present and indicates its influence on digestive function and bioavailability of AA.
INTRODUCTION
The short-chain fatty acid (SCFA) butyrate is commonly used as a feed additive to enhance growth performance of broiler chickens. The mode of action of butyrate is not fully understood and broiler performance response to dietary butyrate supplementation is inconsistent (Cerisuelo et al., 2014) . Mammalian research indicates that luminal butyrate elicits changes in the endocrine regulation of digestive processes (Dumoulin et al., 1998; Kotunia et al., 2004; Mazzoni et al., 2008; Vidrine et al., 2014) . These changes could influence digesta transit time, gut morphology, and digestive enzymes activities in a manner where it can affect nutrient digestibility. Significant improvements in nitrogen digestibility and trends for higher proven-tricular proteolytic activities in broilers fed butyrate are consistent with putative changes in digestive physiology (Smulikowska et al., 2009; Qaisrani et al., 2015) .
Subsets of enteroendocrine cells are characterized by their localization within the gastrointestinal tract (GIT) and by their response to luminal butyrate sensing. Therefore, it can be hypothesized that the GIT segment wherein butyrate is present modulates the activation of the enteroendocrine cells and their associated physiological effects. The use of different butyrate derivatives allows to test this hypothesis as unprotected butyrate is active in the crop, proventriculus, and gizzard, whereas tributyrin provides butyrate to the small intestine (Moquet et al., 2016) . In addition, several fatcoated butyrate derivatives display a sustained release profile, possibly increasing butyrate availability in the colon and ceca (Van den Borne et al., 2015; Moquet et al., 2016) . Previous research has highlighted that a lesser digestible protein source, such as rapeseed meal, in association with a fine diet structure, is particularly 167 challenging for the GIT development of broilers (Qaisrani et al., 2014) . Using such a feed challenge in young broilers could aid to distinguish possible effects of butyrate on protein digestibility and GIT development.
The present work was undertaken to investigate the effect of butyrate presence in distinct GIT segments on digestive processes of broilers and to attribute possible changes in protein digestibility to changes in gut morphology, digesta transit time, or enzymatic activities. In this paper, the term "butyrate presence" is used to emphasize that is not known whether the active molecule has an endogenous or exogenous origin. It was hypothesized that butyrate-mediated changes in gastric and enteric retention time, gut morphology, and enzymatic activities would result in improvements of protein digestibility. In addition, it was hypothesized that the response of broilers to butyrate supplementation would differ depending on the GIT segment wherein the molecule is present.
MATERIAL AND METHODS

Experimental Design
A completely randomized design consisting of 5 dietary treatments was used: 1) control (CTR; no butyrate), 2) unprotected butyrate (UP; butyrate mainly available in the crop/proventriculus/gizzard), 3) tributyrin (TB; butyrate mainly available in the small intestine), 4) fat-coated butyrate (FCB; butyrate available in the whole GIT) and 5) a 50:50 mixture of UP and TB (butyrate radical C 4 H 7 O 2 − weight basis; UPTB). Butyrate-supplemented diets contained 1 g/kg of butyrate radical (as-is basis). Ingredient constituents used as carrier in the butyrate derivatives such as palm fat or silica were present in similar amounts across diets. Sodium bicarbonate was used to maintain equal sodium supply across diets. Diets were formulated to meet or exceed the requirements of broiler chickens (CVB, 2007) and contained chromium sesquioxide (Cr 2 O 3 ) as an indigestible marker of the solid phase fraction. Ingredient and analyzed nutrient compositions of the diets are provided in Table 1 .
Birds and Experimental Procedures
The experiment was conducted at the research farm Carus of Wageningen University. All the experimental procedures were approved by the Animal Care and Use Committee of Wageningen University. A total of 320 male, 1-day-old broilers (initial BW 42.1 ± 3.3 g; Ross 308, Aviagen Group, Newbridge, United Kingdom) were obtained from a commercial hatchery (Kuikenbroederij Morren B.V., Lunteren, the Netherlands). Upon arrival, birds were wing-tagged, individually weighed and randomly assigned to one of the 40 floor pens in a single climate-controlled room. Each of the 5 treatment diets was fed to 8 replicate pens of 8 birds per pen. Each pen had a dimension of 1.85 × 1 m (L × W) and was enriched with a perch. Pelleted lignocellulose (Softcell; Agromed Austria GmbH, Kremsmünster, Austria) was used as a bedding material to prevent confounding effects of coarse litter ingestion on GIT development. Ambient temperature was maintained at 32
• C until d 3 and thereafter gradually reduced to 22
• C at d 23. A 23L:1D photoperiod was applied until d 3 and was changed thereafter to 16L:8D until the end of the study. Birds were allowed ad libitum access to feed and water. Individual and pen body weights, as well as pen feed intake, were recorded weekly. Each 20 kg bag of feed used in the experiment was sampled at the top, middle and bottom. Feed samples were pooled by treatment group and kept at 4
• C. At d 22 and 23, 5 birds per pen were euthanized by intravenous (i.v.) sodium pentobarbital injection. Feeding status was synchronized across pens by applying 3 h of fasting followed by 3 h of feed access and continuous light prior to euthanasia to allow later comparison of gene expression data. The feeding of birds was staggered such that birds were sampled at the same time after the start of feeding. The birds in half of the pens per treatment were sampled on one day and the remaining pens on the other day. Slaughter weights were recorded, the body cavity was carefully opened and the content of the following GIT segments were isolated using tie-wraps: crop, proventriculus, gizzard, duodenum (from the pyloric junction to the hepatopancreatic duct), jejunum (from the hepatopancreatic duct to Meckel's diverticulum), ileum (from Meckel's diverticulum to the ileocecal valve), colon, and ceca. Ileal contents of the 5 birds per pen were gently flushed with ice-cold saline solution, pooled in a plastic bottle and frozen at -20
• C. The bird with an individual BW closest to the pen average was sampled for transcriptomic analysis. For the 4 other birds of each pen, empty digestive organ weights were recorded, the empty proventriculus was collected and frozen at -20
• C. Jejunal content was collected by gentle finger stripping, pooled per pen and frozen at -20
• C. Finally, 5 mm pieces of the middle of the duodenum and jejunum were sampled, fixed in buffered formaldehyde solution (pH = 7.0; 9713, VWR International, Amsterdam, Netherlands) during 4 d and thereafter stored in demineralized water.
At d 24, 15 birds with an individual body weight at 14 d close to their respective pen average were selected per treatment group and dosed orally with 3 gel capsules containing 150 mg titanium (Ti) oxide each (equivalent to 90 mg of Ti; Apotheek Diergeneeskunde Utrecht University, Utrecht, Netherlands). Birds were euthanized by i.v. sodium pentobarbital injection at 5 different time points after dosing (30, 90, 180, 270 and 360 min; 3 birds per treatment group and time point) following the method developed by van Krimpen and coworkers (2011) to determine digesta mean retention time. For each bird, digesta content of the crop, proventriculusgizzard, small intestine (from the pyloric junction to the ileocecal valve) and colon-ceca were quantitatively collected by gentle finger stripping and frozen at -20 • C. Differences in GIT development and digestive function are more susceptible to be observed during the starting period. As such, the experiment was conducted during the 0 to 24 d period.
Analytical Methods
A representative fraction of the digesta content taken for mean retention time determination was analyzed for dry matter (DM), Ti and SCFA contents (15 birds per treatment group, 4 GIT segments per bird). DM was measured according to standard methods (method ISO 6496; ISO, 1999) , Ti according to the method described by Short and colleagues (1996) and SCFA contents were determined according to the method described by Qaisrani and coworkers (2014) .
Feed and freeze-dried ileal samples were ground to pass a 1 mm sieve and analyzed for DM (method ISO 6496; ISO, 1999), ash (method ISO 5984; ISO, 2002) , N (method ISO 5983-1; ISO, 2005a) and amino acids (AA) by HPLC after acid hydrolysis (method ISO 13903; ISO, 2005b) contents. The Cr 2 O 3 content was determined in feed and ileal samples after ashing and acid hydrolysis as described by Williams et al. (1962) . Apparent ileal digestibility of DM, AA, organic matter (OM) and N was calculated using Cr 2 O 3 as a solid phase marker (Kotb and Luckey, 1972) . Amino acid N and non-AA N were calculated using the N content of samples, molar weights of AA and assuming that Asp and Glu molecules have 1.5 N atoms. Diets were analyzed for starch, crude fat and crude fiber contents according to standard methods (AOAC, 2012) .
Duodenal and jejunal tissue samples were dehydrated in increasing concentrations of alcohol, embedded in paraffin and sectioned at 5 μm thickness. Six crosssections per sampled organ per bird were stained with hematoxylin and eosin. Villus height (from tip to crypt mouth) and crypt depth (from crypt mouth to base) were measured using a Microphot-FXA light microscope (Nikon, Tokyo, Japan) equipped with a DP 50 digital camera (Olympus, Tokyo, Japan). Images were analyzed using the AnalySiS Extended Pro 3.1 software (Soft Imaging System GmbH, Berlin, Germany). Averages represent 3 to 4 birds per pen; in each slide 10 well-oriented, intact villi and crypts were measured.
Proteolytic activity in the proventriculus was evaluated according to the method described by Qaisrani and coworkers (2015) . Proteolytic activity in the jejunum was evaluated according to the method developed by Rada and coworkers (2016) .
Statistical Analysis
Rationale for the Use of Contrast Analysis Separated (UP, TB, FCB) and combined (UPTB) use of different derivatives may allow changes in butyrate concentration in distinct GIT segments while keeping butyrate inclusion level constant across diets. Assuming that such conditions are met, comparison of growth performance and digestive function data between appropriate treatment groups using pre-defined contrasts may reveal the effect of butyrate presence in specific GIT segments. Theoretical considerations underlying such statistical approach need, however, to be supported by observed changes in butyrate concentration along the GIT. Hence, a two-step analysis of experimental data was carried out. First an analysis of SCFA concentrations along the GIT was performed using a set of contrasts testing for overall butyrate and derivativesspecific effects, thereby addressing the validity of the experimental approach. Thereafter, growth and digestive function data were analyzed using a set of predefined contrasts testing for the effect of butyrate presence in different GIT segments.
Step One: Effects of Butyrate Derivatives on SCFA Concentration Along the GIT SCFA data were analyzed separately for each GIT location using the PROC GLM of SAS (version 9.3, SAS Institute Inc., Cary, NC) using the following model
where Y ij is the observed butyrate concentration of the j th replicate (j = 1 to 15) fed the i th diet (i = CTR, UP, TB, FCB or UPTB), μ is the overall mean response, D i is the i th fixed diet effect and ε ij the residual term associated with the j th replicate fed the i th diet. Model assumptions were checked by visual inspection of the residuals. When a significant dietary effect was detected, multiple pairwise comparisons were performed using the LSD test. Additionally, contrasts were used to assess the overall butyrate supplementation effect (CTR vs UP+TB+FCB+UPTB) and the specific effects of including different butyrate derivatives in butyrate supplemented diets (effect of unprotected butyrate [Un-but]: UP+UPTB vs TB+FCB, effect of tributyrin [Tri-but] : TB+UPTB vs UP+FCB, effect of fat-coated butyrate [Fat-but] : FCB vs UP+TB+UPTB). Contrasts were not orthogonal, resulting in correlation among tests indicated in Table 2 .
Step Two: Contrast Analysis of Growth Performance and Digestive Function Data Body weight gain (BWG), average daily feed intake (ADFI), feed conversion ratio (FCR) and bodyweight variation coefficient (CV) were calculated and analyzed using the PROC GLIMMIX of SAS using the following model
where Y ij k is the observed response of the k th replicate (k = 1 to 40) fed the i th diet (i = CTR, UP, TB, FCB or UPTB) during the j th measurement period (j = 1-7, 8-14, 15-21), D i is the i th fixed diet effect, A j is the j th random effect of measurement period, and A × D ij the interaction effect between the diet and measurement period, and ε ij k is the residual error term of the k th replicate fed the i th diet at the j th measurement period. Visual inspection of the residuals indicated that the normal distribution fitted best the BWG data whereas ADFI, FCR and CV were analyzed with a lognormal distribution. Contrasts were used to assess the overall effect of butyrate supplementation (Butyrate: CTR vs UP+TB+FCB+UPTB) and the effect of butyrate presence in different GIT segments (crop, proventriculus and gizzard, C+P+G: TB vs UPTB; duodenum, jejunum and ileum, D+J+I: UP vs UPTB; colon and ceca, Co+Ce: FCB vs UPTB). Contrasts were not orthogonal, resulting in correlations among tests indicated in Table 3 .
Digestive tract organs relative weights, enzymatic activities, histological measurements and digestibility coefficients were analyzed with the same procedure as SCFA and the same contrasts as performance parameters. Digesta mean retention time was calculated using the model developed by van Krimpen et al. (2011) and analyzed using the same contrasts as performance parameters. Table 4 shows the effect of dietary treatments on SCFA concentrations in the content of the different GIT segments of broilers at 24 d of age. Significant diet effects were observed for butyrate concentration in all the GIT segments except the colon and ceca (P < 0.001) and for propionate concentration in colonic and cecal contents (P = 0.031). Contrast analysis indicated that butyrate concentration in crop, proventriculus, gizzard and small intestine contents were significantly lower in birds fed control diets compared to their butyrate-fed counterparts (P < 0.001). In addition, contrast analysis showed that UP significantly increased propionate concentration in the crop content (P = 0.045) in comparison to the other butyrate derivatives. A similar trend was observed in the small intestine (P = 0.092) whereas propionate concentration in colonic and cecal contents was reduced by UP supplementation (P = 0.010) in comparison to the other derivatives. The UP derivative also significantly increased the butyrate concentration in the crop (P = 0.023) and in the proventriculus-gizzard (P = 0.042) content in comparison to the other derivatives. The TB derivative did not affect acetate or propionate concentration along the GIT but significantly (P < 0.001) increased butyrate concentration in the small intestine content compared to the other derivatives. The FCB derivative tended to reduce propionate concentration in the crop (P = 0.062) and in the proventriculus-gizzard (P = 0.079) content while significantly (P = 0.003) increasing propionate concentration in colonic and cecal contents compared to the other butyrate derivatives. The FCB derivative numerically increased the butyrate concentration in colonic and cecal contents compared to the other butyrate derivatives (+22.9%; P = 0.204). Table 5 shows the effect of butyrate presence in distinct GIT segments on growth performance of broiler chickens during the 1 to 21 d period. Addition of butyrate to the diet tended (P = 0.090) to decrease feed intake compared to the control group. In butyratesupplemented birds, feed intake tended (P = 0.075) to be higher when butyrate was present in the crop, proventriculus, and gizzard whereas presence in the colon and ceca tended (P = 0.086) to reduce the FCR.
RESULTS
SCFA
Performance Responses
Digestive Traits Responses
The effects of butyrate presence in different GIT segments on several digestive trait parameters are presented in Table 6 . Dietary butyrate significantly (P = 0.010) increased total tract retention time. Crop, duodenum, jejunum, ileum and total GIT relative weights were decreased by butyrate presence in the crop, proventriculus, and gizzard (P = 0.038, 0.019, 0.036, 0.030, and 0.004; respectively). Additionally, butyrate presence in the crop, proventriculus, and gizzard significantly increased proteolytic activity of the proventriculus (P = 0.012) and small intestinal retention time (P = 0.020). Butyrate presence in the small intestine did not affect any of the measured responses. Presence of butyrate and/or propionate in colonic and cecal contents increased jejunum relative weight (P = 0.010), small intestinal (P = 0.032) and total tract retention times (P = 0.022) and tended (P = 0.072) to increase total GIT relative weight. Measured intestinal 1 Dietary treatments groups: CTR (no butyrate supplementation); UP (butyrate radical provided as unprotected salt); TB (butyrate radical provided as tributyrin); FCB (butyrate radical provided as fat-coated butyrate); UPTB (butyrate radical provided as a 50:50 w/w mixture of unprotected salt and tributyrin). Butyrate was provided at 1 g/kg as in basis. Means are values of 15 birds per treatment group for passage rate and 32 birds per treatment group for the other read-out parameters.
2 Contrasts used: Butyrate (overall effect of butyrate: CTR vs UP+TB+FCB+UPTB); C+P+G (effect of butyrate presence in the crop, proventriculus and gizzard; TB vs UPTB); D+J+I (effect of butyrate presence in the duodenum, jejunum and ileum: UP vs UPTB); Co+Ce (effect of presence butyrate and/or propionate in the colon and ceca: FCB vs UPTB).
3 Prov+Gizz: Proventriculus + gizzard. 4 Expressed in mmol tyrosine released per min per g fresh organ. 5 Expressed in difference in absorbance measured at 366 nm. Table 7 . Effect of dietary treatments on apparent ileal digestibility of nutrients of 22-to 23-day-old broilers fed a control diet or the same diet supplemented with 3 butyrate preparations during the d 0 to 23 period. None of the aforementioned changes resulted in significant differences in OM, DM, or N apparent ileal digestibility coefficients, but the digestibility coefficient of several AA tended to be affected by the presence of butyrate in different GIT segments (Table 7) . Increased butyrate concentration in the crop, proventriculus, and gizzard tended to decrease the apparent ileal digestibility of Ile, Leu, Phe, His and Lys (P = 0.080, 0.076, 0.061, 0.094, and 0.080; respectively). Increased butyrate and/or propionate concentration in the colonic and cecal contents to increase the apparent ileal digestibility of Met and His (P = 0.079 and 0.069; respectively).
DISCUSSION
The current study aimed to unravel effects of butyrate presence in distinct GIT segments on digestive processes and protein digestion in young broilers. Differences in luminal butyrate concentration across GIT segments were achieved using three different dietary butyrate derivatives. Unprotected butyrate is taken up by passive absorption under acidic conditions as present in the proventriculus-gizzard (Denbow and Ichikawa et al., 2002; Scanes, 2015) . Logically, unprotected butyrate increased butyrate concentration in the crop and proventriculus-gizzard but not beyond this segment of the GIT in the current study. This is in agreement with other published results on broilers (Hu and Guo, 2007; Smith et al., 2012) . Tributyrin, the triglyceride of butyrate, only increased enteric butyrate concentration in the present study due to a low pre-duodenal lipolytic activity in the broiler GIT (Moreau et al., 1988; Cherif et al., 2006) . Finally, fat-coated butyrate numerically increased butyrate concentration in the pooled colon and ceca contents when compared to birds fed other butyrate derivatives (+22.9%; P = 0.204). This is in agreement with the suggestion that fat-coating extends butyrate release beyond the small intestine in broilers ( Van den Borne et al., 2015) . The lack of statistical significance of this result could be attributed to the large variation observed across individual birds when colonic and cecal butyrate concentrations were considered. In addition, propionate concentration in colonic and cecal contents was significantly higher in birds fed fatcoated butyrate compared to birds fed other butyrate derivatives (P = 0.003). Collectively, these results indicate that the dietary contrasts in digesta butyrate concentration were successfully achieved in this experiment with the notable exception of the colon and ceca. For these distal GIT segments, the observed increase in butyrate concentration failed to reach statistical significance and was confounded with a higher propionate concentration. As a consequence, testing the effect of butyrate presence in distinct GIT segments by means of statistical contrasts is possible up until the ileum. In addition, a statistical contrast testing for the effect of butyrate and/or propionate presence in the colon and ceca is possible.
In the current study, butyrate tended to have an anorexic effect. Such effect is unusual in broilers fed 1 g/kg of different butyrate derivatives (UP: Hu and Guo, 2007; FCB: Smulikowska et al., 2009 ) but have been reported at higher supplementation levels (2 g/kg butyrins: Leeson et al., 2005) . Mammalian studies have demonstrated that colonic L-cells producing peptide YY (PYY) and glucagon-like peptide 1 (GLP-1) are mediating the anorexic effect of luminal SCFA (Lin et al., 2012; Chambers et al., 2015) . Such mechanism has never been studied in avian species but the possibility to extrapolate insights in gut endocrinology from rodents to production animals has been advocated recently (Bravo, 2015; Furness et al., 2015) . It is, however, worth mentioning that L-cells are distributed along the small intestine in chickens (Rawdon and Andrew, 1999; Monir, et al., 2014) whereas in rodents the distribution is extended to the colon (Hansen et al., 2013) . The latter is traditionally regarded as the main site for triggering anorexic effects (Chamber et al., 2015) . In addition, PYY has orexigenic properties in chickens and anorexic properties in rodents (Batterham et al., 2002; Denbow and Cline, 2015) . Such differences make the extrapolation between murine and poultry species challenging. Interestingly, anorexic effects tended to be reduced when butyrate was delivered to the crop, proventriculus and gizzard compared to more distal segments. This observation is congruent with a putative role of intestinal L-cells in mediating the anorexic effects of butyrate in poultry.
Butyrate and/or propionate presence in the colon and ceca resulted in significantly heavier jejuna and longer small intestinal and total tract retention times. Feed efficiency is associated with longer total tract retention time and lighter jejuna in 29 d old broilers (Rougière and Carré, 2010) . In the present study, observed changes have accumulated into a trend for lower FCR values. Discrepancies in the effect of intestinal weights on feed efficiency confirm that a consistent relationship between measured read-out parameters and intestinal functionalities is sometimes difficult to establish across broiler studies (Svihus, 2014) . Improved feed efficiency could be related to the trend for higher digestibility of methionine, the first limiting AA in practical poultry diets (Scanes, 2015) . The relationship between digesta transit time and rapeseed meal digestibility is scarcely discussed in the literature, as most of the strategies proposed to improve rapeseed meal digestibility rely on enzymatic treatment and physical processing (Koz lowski and Jeroch, 2014) rather than on modifications of digestive physiology. Digesta retention time in poultry is controlled by a set of complex and poorly understood neuroendocrine mechanisms (Denbow, 2015). It is, therefore, difficult to speculate on the exact mechanism underlying the observed effect of butyrate and/or propionate presence in colonic and cecal contents on transit time. In mammals, only one study has demonstrated a link between hindgut butyrate concentration and colonic motility (Soret et al., 2010) .
Higher butyrate concentration in the crop, proventriculus, and gizzard was associated with a trend for lower apparent ileal digestibility coefficients of Ile, Leu, Phe, His, and Lys. Such changes were associated with a higher propionate concentration in the intestinal digesta which may indicate changes in microbiota activity. In chickens, intestinal microbiota is dominated by Lactobacillus spp., a genus whose auxotrophy for the aforementioned AA is well documented (Morishita et al., 1981; Ruiz-Barba and Jimenez-Diaz, 1994) . Luminal AA taken up by intestinal microbiota can be incorporated into microbial protein that bypasses ileal digestion (Apajalahti and Vienola, 2016) . In the present study, higher butyrate concentration in the crop, proventriculus, and gizzard digesta was associated with significant increases in intestinal retention time and proteolytic activity in the proventriculus. In addition, upregulation of antimicrobial peptides by butyrate has been reported in chicken jejunal and cecal explants (Sunkara et al., 2011) . Both digesta retention time and antimicrobial peptides are known to influence intestinal microbiota activity in chickens (Apajalahti and Vienola, 2016) . Unfortunately, the absence of quantitative insights into intestinal microbiota composition in the present study hinders the complete understanding of the intricate relationship between intestinal microbiota and ileal AA bioavailability. Butyrate provision to the crop, proventriculus, and gizzard also significantly reduced the relative weight of each intestinal segment. It is known that villous enterocytes growth is primarily supported by luminal AA absorption rather than plasma AA (Fuller and Reeds, 1998 ). An overgrowth of Lactobacillus spp. could have exacerbated the competition between bacteria and host cells for the absorption of luminal AA, thus hampering intestinal development.
Future work could be directed to an improved understanding of the possible endocrine effects and hostmicrobe interactions that mediated such changes. In addition, effects of butyrate presence in distinct GIT segments on other parameters, e.g., immune functions and microbiota composition, should be investigated.
CONCLUSION
The present study demonstrates that different butyrate derivatives can be used to create a contrast in luminal butyrate concentrations throughout the GIT of broilers. The effect of butyrate on several parameters such as GIT development, proteolytic activity or digesta retention time was found to vary depending on the GIT segment wherein the molecule was present. When butyrate and/or propionate was present in colonic and cecal contents, such effects tended to improve the digestibility of Met, the first limiting AA in practical poultry diets. In contrast, butyrate presence in the digesta of the crop, proventriculus, and gizzard decreased the digestibility of several AA, possibly due to an increase in intestinal microbiota activity. In addition, butyrate presence beyond the gizzard elicited anorexic effects that might be attributable to changes in intestinal enteroendocrine L-cells secretory activities. The effect of butyrate on digestive functions and bioavailability of AA is therefore conditioned by the GIT segment wherein the molecule is present.
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